A PLC based mode multi/demultiplexer based on asymmetric directional coupler has advantages in terms of compactness, mass productivity, low insertion loss, and matured reliability. However, it has relatively large wavelength dependence due to the difference of coupling length. To expand the bandwidth, we have designed two-mode (LP 01 /LP 11a ) multi/demultiplexer by wavefront matching method and demonstrated the broadband and low-loss characteristics. This paper reviews the device design by wavefront matching method and investigates the mechanism of its broadband characteristics. key words: WFM method, PLC, MDM, mode multi/demultiplexer
Introduction
In order to meet the growing demand for the transmission capacity, mode-division multiplexing (MDM) transmission has attracted a lot of attentions [1] .
Mode multi/demultiplexer (MUX/DEMUX) is a necessary component to realize MDM transmission. Mode MUX/DEMUXs based on free-space optics [2] , fiber coupler [3] - [5] , photonic lanterns [6] , and planar lightwave circuit (PLC) [7] , [8] have been proposed. The PLC-based mode MUX/DEMUX has advantages in terms of compactness, low insertion loss, and mass productivity. PLC-based mode MUX/DEMUX based on asymmetric directional coupler (ADC) is simple and often used, however, it has relatively large wavelength dependence because the coupling length depends on wavelength. Large wavelength dependence of mode MUX/DEMUX limits the available bandwidth in the system, therefore, wavelength insensitive components are strongly desired.
To solve this problem, we have proposed a PLCbased broadband and low-loss two-mode (LP 01 /LP 11a ) MUX/DEMUX based on the wavefront matching (WFM) method optimization [9] - [15] . Here, we regard the fundamental mode (E 11 mode) in waveguide as LP 01 mode in the optical fiber, and the first higher mode (E 21 mode) in waveguide as LP 11a mode in the optical fiber. The WFM method needs less computational time and enables us to obtain opManuscript received November 2, 2017. Manuscript revised February 10, 2018 . * This is a review article. † The authors are with the Graduate School of Information Science and Technology, Hokkaido University, Sapporo-shi, 060-0814, Japan.
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a) E-mail: fujisawa@ist.hokudai.ac.jp DOI: 10.1587/transele.E101.C.518 timum structure deterministically. In our previous work [15] , numerical results show that, the insersion loss is lower than −0.3 dB in the wavelength range from 1400 to 1700 nm with the proposed structure and it has large fabrication tolerance compared to the conventional structure. Furthermore, the designed structure was fabricated and broadband characteristics are well-reproduced, showing the usefulness of proposed MUX/DEMUX.
In this paper, we review the device design based on WFM method and investigate the mechanism why the proposed MUX/DEMUX has broadband characteristics. This paper is organized as follows. In Sect. 2, the principle of the WFM method and the optimization procedure of mode MUX/DEMUX is described. In Sect. 3, the design of mode MUX/DEMUX based on the WFM method and the optimization parameter dependence are presented. In Sect. 4, the mechanism of broadband characteristics of the WFMdesigned device is investigated through a comparison with tapered ADC. The conclusion of this paper is given in Sect. 5.
Wavefront Matching Method
PLC-based devices are usually designed by trial and error (human design). It is effective for PLCs to design with fixed geometry and small number of structural parameters by the designer's original idea, however, the large number of structural parameters makes it difficult to find optimum solution for PLC. Furthermore, it is hard to get a novel structure, just by changing the structural parameters. In order to determine the design automatically from desired characteristics, many optimization methods have been developed, such as genetic algorithm [16] , topology optimization [17] , and WFM method [9] - [15] . WFM method is an optimization algorithm based on beam propagation method (BPM) [18] , [19] , which determine the optimum index profiles from the ideal output field. WFM method has advantages such as the fast convergence speed and large calculation flexibility. WFM method has been applied to the waveguide lens [10] , Y-branch waveguide [11] , waveguide crossing [12] , multimode interferometer [13] . The validity and effectiveness have been demonstrated experimentally. It should be noted that WFM method can be applied to operations for higher order modes. The design of mode rotator by WFM method has also been reported [14] . The simulation Copyright c 2018 The Institute of Electronics, Information and Communication Engineers results show the optimization for the conversion between LP 11a and LP 11b modes without affecting LP 01 mode. This proposal suggests the scalability for higher order modes. Figure 1 shows the concept of the WFM method, where z, φ(x, y, 0), and ψ(x, y, MΔz) are the propagation direction, the normalized input field, and the normalized ideal output field, respectively. Here, the normalization of the field is done by setting the integration of |φ| 2 (or |ψ| 2 ) over the cross section of the waveguide to 1. The coupling coefficient η between the propagated input field and the ideal output field at the output port (z = MΔz) is evaluated as
where φ(x, y, MΔz) is the input field that propagates forward to the output port and the superscript * represents the complex conjugate. By using BPM for the field propagation, φ(x, y, MΔz) is described as
where A is the operator for Δz/2 propagation of the free space, and B m is the phase shift operator at z = mΔz. From Eq. (1) and Eq. (2), the coupling coefficient η at the output port is expressed as
From Eq. (3), it can be seen that the coupling coefficient η at the output port is evaluated from the overlap integral between ψ * (x, y, mΔz) that propagates backward to mΔz and φ(x, y, mΔz) that propagates forward to mΔz. This means that the coupling coefficient η can be improved by changing the refractive index distribution to match the wavefront of ψ * (x, y, mΔz) and φ(x, y, mΔz) at every propagation step. Here, B m can be described as
n m (x, y), n ref , and k are the refractive index distribution at z = mΔz, the reference refractive index, and the wavenumber. When the refractive index distribution is changed from n m (x, y) to n m (x, y) + δn m (x, y), the phase shift operator B m is expressed as
Here, we use approximation assuming kδn m (x, y)Δz 1. From Eq. (3) and Eq. (5), the coupling coefficient η corresponding the changed refractive-index distribution is expressed as
From Eq. (6), it can be seen that if the sign of δn m (x, y) is the same as Im[ψ * (x, y, mΔz)φ(x, y, mΔz)], the coupling coefficient can be improved. Figure 2 shows a structure of LP 01 /LP 11a PLC-based mode MUX/DEMUX to optimize. When LP 01 mode is launched at port 1, it goes through to port 3. When LP 01 mode is launched to port 2, it is coupled to LP 11a mode in Waveguide 1 by matching the effective indices of LP 01 mode of Waveguide 2 and LP 11a mode of Waveguide 1. Three-dimensional scalar finite element beam propagation method (3D-SFE-BPM) [18] , [19] is used for WFM optimization. For changing the refractive index distribution, we used "solid pattern" approach [10] to avoid large waveguide discontinuity. The WFM optimization is done as follows: 1) Calculate forward transmission spectra of port 2 to port 3 (LP 01 input) and port 1 to port 4 (LP 11a input) for desired wavelength range. 2) Calculate backward transmission spectra of port 3 to port 2 (LP 11a input) and port 4 to port 1 (LP 01 input) for desired wavelength range. 3) Obtain η for above two combinations (port 2 to port 3 and port 1 to port 4) for each wavelength. 4) Calculate average η and use it for refractive index modification.
In the above procedure, it is important to calculate two combinations (port 2 to port 3 and port 1 to port 4) to retain the structural symmetry.
Design of PLC-Based Mode MUX/DEMUX by WFM Method

Spectral Change by WFM Optimization
The parameter of PLC is Δ = 0.386% [7] . The waveguide height is h = 6.0 μm, waveguide widths are W 1 = 19.2 μm and W 2 = 7.5 μm, the gap between two waveguides is Gap = 4.0 μm, the coupling length is L = 3.0 mm. In the S-bend part, the separation of both ends is Sep = 50.0 μm, and the S-bend length is L s = 3.16 mm. The bend radius of S-bend is 50 mm so that radiation loss can be reduced nearly to zero. The LP 01 /LP 11a PLC-based mode MUX/DEMUX is optimized by using WFM method with wavelengths from 1300 nm to 1700 nm simultaneously. The cell size is Δx = 0.1 μm, Δy = 0.5 μm, and Δz = 2.0 μm. In general, the bandwidth of a directional coupler is wider for narrower gap. Therefore, in the optimization, the two waveguides are changed to get close to each other. However, if the waveguide gap gets too narrow, it is difficult to fabricate. Therefore, we set the smallest waveguide gap, Gap min = 3.0 μm. Figure 3 shows the transmission spectra of LP 11a mode at port 3 when LP 01 mode is launched at port 2. The red line shows the transmission spectrum of a conventional structure before the optimization. The conventional structure has insertion loss around −12 dB at the wavelengths of 1700 nm. On the other hand, the blue line in Fig. 3 shows the transmission spectrum of the WFM-optimized structure. The WFMoptimized structure has a flat spectrum and the insertion loss is less than −0.3 dB with wavelengths from 1400 nm to 1700 nm. Figure 4 shows the transmission of LP 11a mode from port 2 to port 3 as a function of calculation count for wavelength of 1.30, 1.50, and 1.70 μm during WFM optimization. It can be seen that the transmissions are converged by iteration. At 1.70 μm, although the transmission is the lowest in the structure before optimization (Calculation count = 0), the transmission is increased dramatically by WFMmethod with the sufficient calculation counts. On the other hand, the transmission at 1.30 μm, which has high transmission in initial structure, is once decreased and then increased. This is because the refractive index distribution is determined by the average of the coupling coefficient η for wavelengths in WFM-optimization. In the first parts of calculation counts, the modifications are much influenced by the lower transmission wavelengths, which makes the transmission of 1.30 μm decreased. However, with enough iteration, we can obtain the converged structural design that has broadband transmission spectrum.
Dependence in WFM Parameters
Here, we investigate the effects of the refractive-index difference, Δ and optimization parameters, cell size of Δx, and Δz. Figures 5 (a) and (b) show the transmission spectra when Δ is 0.7 and 1.0%. The parameters of Δ = 0.7%, is the waveguide height, h = 12.0 μm. Waveguide widths are W 1 = 12.2 μm and W 2 = 4.7 μm, the gap between two waveguides is Gap = 4.0 μm, the coupling length is L = 850 μm. In the S-bend part, the separation of both ends is Sep = 50.0 μm, and the S-bend length is L s = 2.0 mm. The parameter of Δ 1.0% is, the waveguide height, h = 10.0 μm. Waveguide widths are W 1 = 13.5 μm and W 2 = 5.5 μm, the gap between two waveguides is Gap = 4.0 μm, the coupling length is L = 5.6 mm. In the S-bend part, the separation of both ends is Sep = 50 μm, and the S-bend length is L s = 2.0 mm. 
Table 1
The calculation count when the transmission become more than −1.0, −0.5 dB over the wavelength of 1.30 ∼ 1.70 μm.
As seen in Fig. 5 and Fig. 3 , even if Δ is changed, the spectra of optimized structure maintain broadband characteristics. Figures 6 (a), (b) and (c) show the WFM-optimized waveguide core-outlines for each Δ. The optimized structure becomes different for each Δ and the waveguide width for higher Δ of 1.0% oscillates more rapidly while that for lower Δ, 0.386% slowly oscillates.
The effects of cell size are also investigated, for the structure of Δ = 0.7%. Figure 7 shows the transmission spectra of LP 11a mode from port 2 to port 3 when Δz is changed for Δx = 0.1 μm. Although the transmission is slightly improved as the Δz decrese, the effects of size of Δz is small. Figure 8 shows the transmission spectra of LP 11a mode from port 2 to port 3 for variation in Δx when Δz = 0.5 μm. The spectra show little dependence of the size of Δx. Table 1 shows the calculation count when the transmission is larger than −1.0, −0.5 dB over the wavelength of 1.30 ∼ 1.70 μm. From Table 1 , the size of Δx affects the number of times until the spectra reaches a certain quality. Therefore, one can save the calculation time with larger Δx.
Broadband Characteristics
In [15] , it was reported that since the rapid waveguide width oscillations do not have much effect to the spectra, the smoothed structure optimized for Δ = 0.386% has been fabricated and broadband characteristics are well-reproduced. Here we discuss why the WFM-optimized structure has broadband characteristics. The smoothed waveguide widths of the WFM-optimized structure are shown in blue lines of Fig. 9 . Since the optimized structure looks like a tapered structure, we suppose that tapered structure is one of the mechanisms of this broadband characteristics. It is reported that tapered structure expands bandwidth of directional couplers compared with conventional structure [20] , [21] . Therefore, we try to approximate the optimized structure to tapered structure. The approximated tapered structure is shown in the red lines of Fig. 9 . In order to determine the tapered structure, we introduced the phase rotation amount, given by following equation:
Here β(W i , z) is a propagation constant of each waveguide i
, here λ is a wavelength 1.55 μm, and neff (W i , z) is an effective index. The effective indices as a function of waveguide width at a wavelength of 1550 nm are shown in Fig. 10 . Here, it is assumed that Δ = 0.386%, and h = 6.0 μm. Figure 11 (a) shows the effective indices variation of each waveguide of the smoothed optimized structure obtained by blue lines in Fig. 9 , and Fig. 10 . From  Fig. 11 (a) , we set the effective indices of tapered structure as shown in Fig. 11 (b) , so that Δθ for each waveguide throughout the structure is equal to that of optimized structure. Because we determined the waveguide widths by increments of 0.1 μm and the effective indices change with the waveguide Fig. 9 Waveguide widths of smoothed WFM-optimized structure and tapered structure.
widths, Fig. 11 look like step-formed graphs. Although the propagation step size for z direction is fixed, the continuations of the same waveguide width give the appearance of the different step sizes. Figures 12 (a) and (b) show the transmission spectra of LP 11a mode at port 3 and LP 01 mode at port 4, respectively, when LP 01 mode is launched at port 2 of the WFMoptimized, conventional, and tapered structure. It can be seen that, although the optimized structure has the most broadband characteristics, even the tapered structure has a wider bandwidth compared with conventional structure, suggesting tapered structure makes it broadband. However, in terms of crosstalk, while the optimized structure has the lowest crosstalk, the improvement by tapered structure is little seen shown in Fig. 12 (b) . Therefore, optimization by WFM method has advantage in crosstalk. We consider that the rapid oscillation, which cannot be represented in the tapered structure, contribute to the improvement of crosstalk. From Fig. 13 , following two mechanisms are speculated for the broadband characteristics. First, there are some points, at which phasematching condition is satisfied for each wavelength due to the changes in waveguide widths. The second is compensation for coupling lengths. In general, the coupling length becomes longer with shorter wavelength due to strong confinement. For 1350 nm, the difference in the effective index between two waveguides is small throughout the coupling region. On the other hand, for 1750 nm, the difference in the effective index between two waveguides is large for first half of the coupling region. LP 01 mode in Waveguide 2 and LP 11a mode in Waveguide 1 in shorter wavelength, which need longer coupling length, are able to couple through the whole coupling region due to the small difference of ef- fective indices, while those in longer wavelength, which need shorter coupling length, are weakly coupled in the first part of the coupling region due to the larger difference of effective indices and coupled in the last half. The optimized structure compensates for the coupling length difference by changing the waveguide width.
Conclusion and Outlook
We reviewed a broadband PLC-based two-mode MUX/ DEMUX based on WFM-optimization. Theoretical results indicate that low-loss and broadband characteristics can be exploited by WFM-method. We suppose that the optimized structure has broadband characteristics mainly because of its tapered structure. Furthermore, the WFM-method less depends on parameters, it makes the design of PLC-device more freely. These results indicate that WFM-optimized mode MUX/DEMUX is a promising component for MDM transmission system.
Since the WFM method presented here is based on scalar BPM, it cannot be applied to the devices based on high-index-contrast waveguides, waveguides including polarization conversion, and waveguide discontinuities. Currently, we are developing WFM-method for these problems and can be found in [22] - [24] .
